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Abstract

This note describes results from the first test pfototype optical auxiliary alignment
system for the HINS superconducting solenoids. dlfgament system is designed to
track transverse displacements of the solenoidiseasryomodule is cooled 4K. During
operation, the transverse displacement of the mggds of each solenoid must be kept
within £300um of the beam axis. Tests indicate that the prpwgystem can track
transverse displacements of the solenoid tpritORotations of the solenoid can be
tracked to 10Qurad or better.

Introduction

Beam line components must be aligned to tight &mlees during assembly and
installation and that alignment must be maintaidedng operation. Accurate alignment
of superconducting components within a pressurselés difficult using conventional
survey and alignment equipment.

To circumvent these difficulties, auxiliary alignntesystems using a stretched wire have
been used to establish the displacement of supducting beam-line components from a
reference line and to transfer those displacenterds external coordinate system.
Component locations relative to the wire are deteeohby RF or optical sensors inside
the cryomodule.



The most widely used auxiliary alignment systerhewire position monitor (WPM).

An RF WPM system built by INFN has been succesgiudled to track displacements of
internal components during thermal cycles of Tesf@modules at DESY. The INFN
system can achieve a resolution ofdd [1] but systematic uncertainties due to
gravitational wire sag, wire vibration and uncertess in the readout calibration, limit the
overall precision of the system to 10t [2].

Laser based systems offer significantly better emmuat a lower cost and reduced
complexity. Beginning in 1988, SLAC developed &granent system using a HeNe
laser and large Fresnel zone plates. This systesruged to align the linac components to
an accuracy of 28m over a distance of 3km [3]. Although the SLACtsys provided
impressive accuracy, the Fresnel plates were meaignswitched in and out of the

laser beam making such a system unsuitable foinggke a cryomodule.

The ideal auxiliary alignment system would:
1) Provide micron accuracy and position linearity;
2) Provide micron stability over the lifetime of theyeamodule;
3) Require no moving mechanical parts inside the viaguu
4) Require no active electronic components insidevéeeium; and
5) Require little or no cabling inside the cryomodule.

Low cost laser diode modules and CCD and CMOS casrae currently available for a
small fraction of the cost of the RF electronioguieed to sense the position of a
stretched wire (the cost of a complete stretched system estimated to be $100K per
cryomodule). Commercially available cameras ofigelsizes ranging from several
microns to several tens of microns and digital pssing techniques make it possible to
determine the centroid of a laser beam with sulelgixecision. These devices cannot
operate inside a cryomodule, but as internal coraptsnmove, retroreflectors can be
used to displace a laser beam or beams in suchhatthe component displacements
can be tracked by external cameras.

This note describes the first bench tests of aopypé optical system that uses
retroreflectors and CMOS cameras to track the jposdf components inside the HINS
cryomodule. No active components or cabling areired inside the vacuum.

Proposed Optical Scheme

The optical scheme of the prototype system is shekematically in Figure 1. A narrow
laser beam is projected into the system throughsanbsplitter. A portion of the primary
beam is reflected back into the first of two CCDneaas. The camera records position of
the laser beam at the entrance to the systemrehhander of the primary beam is
directed through a partial retroreflector attacteed component inside the cryomodule.
The retroreflector reflects a portion of the prignaeam back along the direction of
arrival but offset in space. The spatial offsgtrigportional to the distance of the incident



beam from the axis of symmetry of the retrorefleciine position of the retro-reflected
beam is also captured by the first camera.

The portion of the primary beam passes un-reflettezigh the partial-retroreflector is
captured by a second camera at the other end afybenodule.

The locations of the primary beam spots in the ¢ameras at either end of the
cryomodule define a reference line that can bdyeesnhnected to the beam-line
reference coordinate system.

As the components inside the cryomodule shift dparthermal cycle, the spatial offset
between the retro-reflected beam and the primaaynbeill change. By tracking the
location position of the retro-reflected beam dpdhe first camera, the motion of the
component can be recovered.
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Figure 1: Optical Scheme for a Proposed Alignmenty&tem for the HINS Solenoids.

System Sensitivity Analysis

The overall accuracy and resolution of the systelirb& determined by:
* The accuracy with which the position of the cameran be determined,
* The accuracy with which the beam spot positionlmadetermined from the
camera images; and
» Any deflections or spatial offsets of the laserrhdzy the optical components of
the system.

Translation stages are commercially available Wwithrectional repeatability
specifications of 2 um [4], and commercial CCD tgsasition monitors are available
with accuracies of 5 um deviation edge to edge theeaperture of the sensor [5].



Although, unlike a stretched wire, the laser beathnet sag due to gravitation, it may
be deflected or offset each time it passes thraumgbptical component or window. As
shown schematically in Figure 2, a component witlogtical axis that is not
perpendicular to the incident beam will spatialffset the beam. A component with exit
and entry faces that are not parallel will defkbet beam.

Figure 2: Optical Angular and Parallelism Errors

The combined sensitivity of the system to tolerarafethe optical components for
cryomodules of lengths 1.5m and 9m is outlinedabl& 1 and Table 2 respectively.
Optical components were assumed to be alignedthdtiveam axis to 1 mrad or better.
With the exception of the optical windows, a padim tolerance of 1 arcsecond (4.8
prad), was assumed for all components. For theawsd parallelism tolerance of 3 arc
seconds [6] was assumed. The beam displacementiefladtions due to the tolerances
of individual components were added in quadratorebtain estimates of the resulting
uncertainty in the system position determination.

Table 1: Optical Tolerances for a 1.5 m Cryomodule
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Optical 0.015 0.05 1 1 25 8 8
Window

Corner Cube 0.005 0.75 4 1 12 4 6
Optical 0.015 1.45 1 1 25 8

Window

Stage 2 1.5 0 0

Camera 5 15

Total 8 4 12 15

Table 2: Optical Tolerances for a 9m Cryomodule
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Camera 5 0 0
Stage 2 0 0
Optical Window 0.015 | 0.05 1 1 25 8
Corner Cube 0.005| 4.5 23 1 12 4 23
Optical Window 0.015 | 8.95 1 1 25 8
Stage 2 9 0
Camera 5 9 0
Total 8 23 12 27

The analysis shows that for a 1.5 m cryomoduletisstion uncertainty due to optical
tolerances is dominated by the tilt of the optisaldows. For a 9 m cryomodule, the
parallelism of the retroreflector in the centettug cryomodule dominates. In either case,
the uncertainty due to tolerances in the opticatonents is less than 30 um.

Bench Test Setup

An initial bench test to validate the concept hasrbconducted. The output of a 635 nm
Newport Model LOA-1 alignment laser was focused iatsingle mode optical fiber
using a Thorlabs FC280FC-B collimator. The outduhe fiber was re-collimated into a
3mm diameter Gaussian primary beam using a secbadabs FC280FC-B. The
primary beam was split into two back to back beasisg an Edmund Model 5411
12.5mm beam splitter in combination with a planeroni



One of the two back-to-back beams exiting the tgplias projected directly into a AVT
Stingray F-046B Monochrome CCD camera through arsad Edmunds Model NT55-
577 5x beam expander. The reversed beam expameased the effective aperture of
the camera while improving the match between tkel@ize and the target resolution of
the system.

The second beam exiting the splitter was projettienligh a partial retroreflector. The
retro-reflected beam was projected back into ttst iamera while the transmitted beam
was projected into a second AVT Stingray F-046B eanthrough another reversed
NT55-577 5x beam expander. Both cameras were eedipgth Thorlabs FL635-10
laser line filters to reduce stray light and witkutral density filters to prevent the laser
beam from saturating the CCD sensors. The two asnveere separated by 1m and the
partial retroreflector was mounted on a micromstage positioned half-way between
the two cameras.

Two tests were conducted using different retrootdlies. The first test used an Edmund
Optics model 43296 12.5 mm corner cube retrorafte€turther tests used a cat’s eye

retro-reflector consisting of an Edmunds NT49-66pheeric lens in combination with a
Thorlabs Model CM127-012-P01 concave lens.

The partial retroreflector was scanned horizontddlpugh the primary beam in 200 steps
of 25.4 um each using a micrometer stage. At eaghaf the scan, an image from the
each of the two cameras was captured using Matlahlt an Mex routine that wrapped
the Intek FileGrab API libraries that were bundeth the AVT cameras.

Beam Spot Tracking

The top row of Figure 3 shows the raw image fromftames captured by the first
camera as the retroreflector was scanned throwgprtimary laser beam using the
micrometer stage. In these images two beam spetasible. The more prominent spot
due to the primary beam remains stationary asetnereflector is scanned. The less
prominent spot moves vertically through the primgppt as position of the retroreflector
changes with respect to the primary beam.

The second row of Figure 3 shows the images dfeeptimary beam spot has been
subtracted. The contribution of the primary bearadoh pixel was estimated by taking
the median value over the 200 images collected.nd@ian background estimate was
then subtracted from each of the images. The sttliraprocedure suppresses most of
the primary beam leaving a well defined secondagnin

Although the beam entering the system is Gausbiath, the primary or secondary beams
reflected into the camera have been distorted &gdiner reflector and are broken into
several distinct partial beams. The relative inteesof the partial beams change



throughout the scan. This makes it difficult toedatine the position of the secondary
beam spot using a simple centroid calculation.

Ten Frames as the Retroreflector is Scanned Through the Laser Beam in 254pm Steps
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Figure 3: Ten Frames Captured as the Retroreflectors Scanned Through the Laser Beam.

To improve the centroid determination, the sub&ddmages were convolved with a
digital Gaussian filter to combine the partial beanto a single secondary peak, and a
trimmed centroid was calculated using only pixakst tontained more than 50% of the
energy of the peak pixel in the filtered image. Tt row of Figure 2 shows the filtered
images for the same ten selected frames.

To reduce distortions of the beam spot, the cacabe retroreflector was replaced with a
cat’s eye retroreflector consisting of a 0.5” aghlkens with a concave mirror at the
focal point of the lens. As shown in Figure 4, tightering the lens is focused onto the
mirror and reflected back along the same directoon offset in space. The offset is
proportional to the distance of the incident beammfthe axis of symmetry. To achieve
the maximum field of view, the radius of curvatofehe mirror should be equal to the
focal length of the lens [7].

Figure 5 shows an unprocessed image of the priarayetro-reflected beam spots using
a cat’s eye. In contrast to the spots obtainedgusia corner cubes, the beam spots
consist of a single well defined lobe.
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Figure 4: Cat's Eye Retroreflector
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Figure 5: An Unprocessed Image Frame Using the CatEye Retroreflector

As with the corner cube retroreflector, the cays was scanned horizontally through the
laser beam using a micrometer stage and the motithre secondary beam spot was
reconstructed as described above. The scan waastedpseveral times for different
vertical displacements.



The acquisition of the scans was semi-automateel.cbmputer would emit a beep each
3 seconds and the operator would step the microrbgtene graduation (25m). In
several instances, scan steps were either missieelyor the target graduation was
overshot. These errors were cumulative over eaah. $arthermore, the 6-axis mount
which was used to displace the retroreflector galty was not as precise as the
horizontal micrometer stage and also tilted theoreflector slightly when the vertical
displacement was changes. The impact of thesestignilimitations on the final results
is discussed in more detail in the appropriateicest

Coordinate System Alignment

Figure 6 shows the reconstructed positions of thregry and retro-reflected beam spots.
All of the measurements of the primary spot arstelied in a small region, 20n in
diameter.
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Figure 6: Reconstructed Spot Position of the Primar and Retro-reflected Beams as the Cat's Eye
Partial Retroreflector is Scanned through the Primay Laser Beam

No attempt was made to mechanically align the casefth the coordinate system of
the micrometer stage. Instead the spot positiom was shifted so that by definition, the
average position of the primary beam spots wastigi. The spot data was then rotated



about the origin such that the direction of motidrthe spot averaged over all scans was
perpendicular to line of closest approach betwherstans and the averaged primary
beam spot position.

The coordinate system was scaled so that the mddiplacement between successive
scan points was 25, the scan micrometer step-size. Points at themet left edge of
the scan were ignored because of obvious clippitigegobeam by the aperture of the
retro-reflector.

In the resulting coordinate system, the horizoptalition of the retro-reflected beam will
be equal and opposite to the distance horizonsshice between the primary beam and
the optical axis of the retroreflector. The vertigasition of the retro-reflected beam will
be equal to twice the vertical distance betweerptireary beam and the optical axis of
the retroreflector.

Linearity

The reconstructed positions of the retro-reflettedm spots are shown in finer detail in
Figure 7. Obvious barrel distortion is apparent. etimate the distortion, the
coordinates of the spots in each scan were fitqoaaratic function of the micrometer
displacement. These fits are shown by the thirddmles on the Figure. In the cases that
scans were repeated at the same vertical offsetsdid lines are shown. For comparison
with the HINS requirements, 300 pm vertical andzwantal bars are also shown.

The barrel distortion it is less than 84 pm maxinawar the 2x2 mm scanned aperture.
This distortion is likely due to physical clippidg the 3 mm laser beam by the 12.5 mm
diameter aperture of the retroreflector, and cdiklely be reduced by using a 1” diameter
cat’s eye.

While multiple scans at the same vertical displaseintrack each other to much better
than 300 um, systematic vertical deviations latgan the resolution are apparent. Some
of these deviations result from the limited vertiegproducibility of the 6-axis mount
used to control the vertical displacement of theoreeflector. In some instances, the
angle of the retroreflector may have been sligtittyurbed. Because of these hardware
limitations, no attempt has been made to quanyi$yesnatic discrepancies in the vertical
coordinate.



Spot Position During Scan
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Figure 7:Reconstructed Spot Position of the Retroeflected Beam as the Cat's Eye Partial
Retroreflector is Scanned through the Primary LaseBeam

Resolution

The position resolution of the system was deterthimecomparing the centroid of the
retro-reflected beam spots to the position predibtethe fit for each scan. As shown in
Figure 8, the standard deviation is 20r7in the horizontal direction and 12.5 um in the
vertical direction.

Because of the limitations in the scanning semo@ated procedure, the horizontal
resolution estimate is likely to be overestimates #he vertical discrepancies between
scans at the same nominal vertical displacementbealue in all or part to measurement
artifacts.



Residual from Best Quadratic Fit
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Figure 8:Residuals from the Best Quadratic Fit

Accuracy

Figure 9 shows an expanded view of the data ofrEigunear the horizontal origin of the
coordinate system. The points show the positiahefetro-reflected beam spot as
measured by the CCD camera for the same horizdisalacement of the retroreflector
as measured by the micrometer foreach of the émrseans. The horizontal standard
deviation of the spot positions, 188, is a measure of the accuracy with which the
symmetry axis of the retroreflector can be deteedin
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Figure 9: Beam Spot Position for Each Scan When thlicrometer Setting is the Same

Expected System Performance

Figure 11 shows how the system could be used totandhe position of the solenoid
during the cool-down of the cryomodule. Each soi@imas four titanium alignment
projecting from the solenoid to a clear opticalhpitrough the cryomodule. Cameras
attached to external support frames can monitoptis&ion of retroreflectors attached to
the end of each of these arms.

The cameras would be mounted on translation staggshe retroreflectors on the front
and back arms would be offset vertically so thatltdtation of each retroreflector could
be determined independently. For each measurethentamera positions would be
scanned in order to find the optical axis of eathoreflector as shown schematically in
Figure 10.

The steps of the procedure are as follows:
1. The first camera is scanned in the horizontal divecand the line of closest
approach between the primary beam spot and theopéttle retro-reflected beam.
2. The camera is positioned horizontally such thatttimary beam spot and the
retro-reflected beam spot both lie on the linelo$est approach.



3. The camera is moved vertically until the primarg aetro-reflected beam spots
are a predefined number of pixels apart.

4. The second camera is moved until the centroid jposdtf the primary beam spot
is at the center pixel of the sensor.

This procedure ensures that the laser beam alvedlgs/é the same optical path through
the retroreflector and minimizes the uncertainties to optical effects such a barrel
distortion.
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Figure 10: Procedure to Locate the Optical Axis ofthe Retroreflector

The uncertainties due to parallelism errors ofegtcomponents inside the cryomodule
may be reduced significantly if the optical apestisr large enough to allow the deflection
of the beam to be measured directly. This can loe #y scanning the beam and
comparing the deflection of the beam as it trattelsugh the component to the
deflection of the beam as it travels along a p&hraf any components.

The temperature of the support frames should betored since thermal expansion can
lead to displacements between the cameras of manethe accuracy of the system.
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Table 3 lists the achievable displacement and angesolution. The absolute accuracy
of the system, i.e. the precision with which thkesoid location can be determined with
respect to an external coordinate system, is ddednay the 15um uncertainty due to
the assumed 1 mrad tilt of the cryomodule opticadaws. The differential accuracy,
the precision with which the system can track cleang the position of the solenoid
during cool down is 1Qm.

Table 3: Solenoid Position and Angular Accuracy Esinates for a Spatial Resolution of 2@m.

Determination

Quantity

Uncertainty

X Displacement (x, +x, +x, +x,)/4 5,14 10pm
Y Displacement (y, +y, +y, +y,)/4 J, /Ja 10 pm
Z Displacement| -- -- --
X-Y Rotation | (v, +VY, =Y~ V.)/(2L s ) 20V2 /(6X105 ﬁ) 33prad
Y-Z Rotation (%, =%+ %, = %)/ (Plonenon) | 20y2 /(2>a05 ﬁ) 100 prad
Z-X Rotation (V= v+ Yo~ ¥3) (Plonenon) | 2042 /(2>aosﬁ) 100 prad




Summary

Initial tests of a prototype optical alignment gyas show that the optical axis of a cat’s
eye retroreflector attached can be determined tcaaracy of 2@um. If a retroreflector
is attached to each of the four titanium alignmeams of the HINS solenoid,
displacements transverse to the beam can be tréakdéilim. Angular displacements
can be tracked to 1Q€ad or better.
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